The accurate estimation of vineyard water use is important for irrigation scheduling in order to optimise yield, growth and quality. Diurnal whole-plant transpiration, to be used in combination with a soil evaporation model to estimate vineyard evapotranspiration, was quantified by measuring sap flow in grapevines. Sap flow was measured in grapevine trunks by means of the heat pulse velocity technique. Diurnal sap flow ranged from almost zero to c. 5 L/d per grapevine under various atmospheric, viticultural and soil conditions. Sap flow showed good linear correlation with leaf area per grapevine and reference evapotranspiration (ET o ). Grapevines with similar leaf area trained onto horizontally orientated trellis systems transpired more than those on vertical trellises under the same atmospheric conditions. Approximately 90% of the variation in daily transpiration could be explained by means of multiple linear regression, with leaf area and daily ET o as the independent variables. However, grapevines with horizontal and vertical canopies required slightly different models.
INTRODUCTION
In South Africa, most vineyards need irrigation for sustainable growth, yield and product quality, except for some rain-fed vineyards in the Coastal region of the Western Cape province. Therefore, accurate estimation of a vineyard's water requirements is essential for irrigation scheduling. Evapotranspiration of vineyards (ET c ) is generally considered as a single process that integrates evaporation from the soil surface and transpiration by grapevines. Crop coefficients (K c ) and a reference evaporation rate (ET o ) can be used to estimate ET c as follows (Allen et al., 1998) :
In South Africa, two sets of K c values are recommended for the supplementary and intensive irrigation of wine grapes, as well as a third set for table grapes (Green, 1985) . However, studies have shown that ET c and K c can vary considerably between vineyards in South Africa. The variation in ET c is due to aspects such as differences in growth vigour induced by root depth , level of soil water depletion before irrigation is applied (Fourie, 1989; Myburgh, 2003b; Myburgh & Howell, 2007a) and irrigation system (Myburgh, 2003a; Myburgh, 2012) . These studies showed that K c varied primarily due to differences in leaf area per grapevine and/or differences in evaporation losses (E s ) where only a fraction of the soil was wetted or irrigation frequency varied. It was also shown that soil type, atmospheric conditions and canopy orientation have pronounced effects on E s in vineyards (Myburgh, 2015) . Given the high E s rates following irrigation or rainfall (Myburgh, 2013) , E s may constitute a substantial fraction of ET c , particularly if irrigation is applied frequently. In fact, E s could amount to 20% of ET c in drip-irrigated vineyards (Poblete-Echeverría & Ortega-Farias, 2013) . In order to improve ET c estimations, the single crop coefficient, K c , is separated into a basal crop coefficient (K cb ) and a soil evaporation coefficient (K e ) (Allen et al., 1998) . According to this dual crop coefficient approach, ET c is calculated as follows:
ET c = (K cb + K e ) x ET o (Eq. 2)
Based on the foregoing, it is essential that transpiration and E s should be quantified separately in order to understand how atmospheric conditions, soils and viticultural practices affect vineyard water requirements.
Grapevine transpiration responds to atmospheric variables such as ambient air temperature, global radiation and vapour pressure deficit, as well as viticultural conditions, particularly soil water status (Düring, 1976; Loveys & Düring, 1984; Van Zyl, 1987; Winkel & Rambal, 1990; Beis & Patakas, 2010 , Zhang et al., 2011 Rogiers et al., 2012) . However, transpiration per unit leaf area, and stomatal conductance or resistance provide only an indication of stomatal responses to variables such as atmospheric conditions and soil water availability at the leaf level. Therefore, whole-plant transpiration needs to be determined in order to quantify the transpiration losses of vineyards. Techniques such as heat pulse velocity sensors (Swanson & Whitfield, 1981; Poblete-Echeverría et al., 2012) , stem heat balance sensors (Baker & Van Bavel, 1987; Escalona et al., 2000; Zhang et al., 2011) , Granier-type sensors (Braun & Schmid, 1999; Lopes et al., 2004) and dual heat pulse sensors (Pearsall et al., 2014) have made it possible to quantify the daily sap flow of whole plants. A further advantage of these measurements is that continuous sap flow recording provides an almost complete quantification of the transpiration component of ET c . Consequently, sap flow techniques have been widely adopted to quantify whole-plant transpiration of grapevines in pots (Braun & Schmid, 1999; Escalona et al., 2002) , in the open field (Lascano et al., 1992; Schmid, 1997; Ginestar et al., 1998; Lopes et al., 2004; Patakas et al., 2005; Myburgh & Howell, 2006; McClymont et al., 2009; Poblete-Echeverría et al., 2012) and in a weighing lysimeter (Pearsall et al., 2014) .
Seasonal variation in grapevine sap flow is related to changes in leaf area (Zhang et al., 2011) . Previously reported maximum whole-plant daily sap flow for grapevines varied substantially (Table 1) . Although not determined directly by sap flow measurements, but rather by means of weighing lysimeters, daily water use of well-watered Thompson Seedless grapevines could be as high as 40 L/grapevine under conditions of high evaporative demand (Williams et al., 2011) . Being so closely related to transpiration, the amount of daily sap flow is subject to variation in atmospheric conditions or evaporative demand (Schmid, 1997; Calo et al., 1999; Escalona et al., 2002; Patakas et al., 2005) . Canopy characteristics also affect diurnal sap flow in grapevines. As expected, whole-plant sap flow increases with increasing leaf area per grapevine (Schmid, 1997; Zhang et al., 2011) . Diurnal sap flow in grapevines trained onto the upper wire of a two-tier vertical trellis was higher compared to the less exposed ones on the lower wire (Ginestar et al., 1998) . It was also shown that sap flow in grapevines with downward-oriented shoots is lower compared to grapevines with upward-oriented shoots (Calo et al., 1999) . Grapevine sap flow is reduced by decreasing soil water availability Ginestar et al., 1998; De Lorenzi & Rana, 2000; Escalona et al., 2002; De Souza et al., 2003; Patakas et al., 2005; Myburgh & Howell, 2006; Fernández et al., 2008; McClymont et al., 2009; Zhang et al., 2011) . These sap flow reductions were either induced directly where insufficient soil water was available for absorption, or indirectly where grapevine leaf area was reduced due to prolonged water deficits.
It was previously shown that sap flow followed fluctuations, or spikes, in net radiation during daytime (Fernández et al., 2008) . In contrast, sap flow may also fluctuate under seemingly stable atmospheric conditions Braun & Schmid, 1999; De Lorenzi & Rana, 2000; Patakas et al., 2005; Myburgh & Howell, 2006; Poblete-Echeverría et al., 2012) . There are no apparent explanations for these fluctuations. However, daytime sap flow fluctuations seems to be induced when transpiration exceeds water uptake, resulting in a period of temporarily reduced transpiration (Myburgh & Howell, 2006) . During this period, continued water flow from the surrounding soil towards the root-soil interface probably reduces the water potential gradient, followed by increased water uptake and transpiration. The temporary fluctuations in sap flow seem to occur more frequently as the soil water content decreases (Myburgh & Howell, 2006) .
The objectives of this study were (i) to determine the effects of viticultural and atmospheric conditions on diurnal sap flow in field-grown grapevines and (ii) to develop a model for estimating daily transpiration at the whole-plant level.
MATERIALS AND METHODS

Sap flow experiments
Effects of leaf area, canopy surface area orientation, leaf removal and irrigation on sap flow were determined in a series of experiments in different vineyards. The vineyards represented different soil types, scion cultivars, trellis systems and grapevine plant spacing typical of various South African grape-growing regions. 
Experiment 1
The effect of leaf area on sap flow early in the season was determined in a sixteen-year-old, flood-irrigated, ownrooted Sultanina vineyard in the lower Orange River region of the Northern Cape province. This locality is at 28°27ʹ S latitude and, based on the growing degree days (GDD) from September until March (Winkler, 1962) , it is a Class V region for viticulture (Le Roux, 1974) . Grapevines were planted 3 m x 1.5 m in alluvial soil belonging to the Dundee form (Soil Classification Work Group, 1991) . Grapevines were trained onto a 2.4 m slanting trellis (Avenant, 1990) and cane pruned, allowing 12 to 18 nodes per cane. Sap flow was measured in three grapevines with comparable trunk diameter, canopy size and crop load. Fourteen days prior to the measurements, c. 30% and 60% of the shoots were removed evenly around the crown from two of these grapevines respectively. The vineyard was irrigated every 14 days. Sap flow measurements commenced one week after an irrigation, and were carried out from 1994-10-08 until 1994-10-11, i.e. just before flowering.
Experiment 2
The purpose of this experiment was to determine the effect of leaf area on sap flow during berry development. The experiment was carried out on the De Doorns research farm of the Agricultural Research Council (ARC) in the Hex River Valley of the Western Cape province. This locality is at 33°28ʹ S latitude in a Class IV region for viticulture (Le Roux, 1974) . The sixteen-year-old Barlinka grapevines grafted onto Ramsey were planted 3 m x 1.5 m in a sandy soil belonging to the Fernwood form (Soil Classification Work Group, 1991). Grapevines were trained onto a 2.4 m slanting trellis (Avenant, 1990) . Sap flow was measured in three grapevines naturally varying in canopy size, i.e. no canopy manipulations were carried out. The vineyard was irrigated weekly by means of micro-sprinklers. Sap flow measurements commenced two days after an irrigation was applied, and were carried out from 1994-12-01 until 1994-12-05.
Experiment 3
The purpose of this experiment was to quantify sap flow in a grapevine with a small canopy. Measurements were carried out on a three-year-old 99 Richter rootstock growing in a 15 dm 3 pot. The soil surface was sealed using domestic candle wax to minimise evaporation losses. Six 5 mm ø holes were drilled in the c. 3 mm thick wax layer to allow irrigation. The grapevine was placed in an open field next to a commercial Pinot noir vineyard on the Nietvoorbij research farm of the ARC near Stellenbosch. This locality is at 33°54ʹ S latitude in the Coastal region of the Western Cape province, and is considered to be a Class III region for viticulture (Le Roux, 1974) . The potted grapevine was watered weekly by hand. Sap flow was measured from 1994-12-26 until 1994-12-29. The grapevine was watered one day before the sap flow measurements commenced, and was weighed daily to determine transpiration losses.
Experiment 4
This experiment was carried out to quantify sap flow in grapevines with vertically orientated canopies. Sap flow was measured in eight-year-old Pinot noir grapevines grafted onto 99 Richter at the same locality as Experiment 3. Grapevines were planted 2.75 m x 1.5 m in a granitic soil belonging the Glenrosa form (Soil Classification Work Group, 1991) . Grapevines were trained onto a fivestrand lengthened Perold trellis (Booysen et al., 1992) . The vineyard was irrigated weekly by means of micro-sprinklers. This particular experiment consisted of two parts. In the first part, sap flow was measured in two grapevines planted in soil that was prepared to 40 cm and 120 cm depths respectively, as part of a soil preparation experiment . Measurements were carried out from 1994-12-30 until 1995-01-08, i.e. during berry development. The second part was carried out to determine if the measurements were repeatable. Sap flow was measured in two different grapevines with canopies that were visually comparable to the canopy of the grapevine in the deeply prepared soil. These measurements were carried out from 1995-01-12 until 1995-01-20.
Experiment 5
Leaf area effects on sap flow during berry ripening were determined in the same flood-irrigated Sultanina vineyard near Upington in which Experiment 1 was carried out. Sap flow was measured in three grapevines naturally differing in canopy size. The grapevines were not the same as the ones used in Experiment 1. Sap flow measurements were carried out shortly before harvest, from 1995-01-22 until 1995-01-27.
Experiment 6
The purpose of this experiment was to determine the effect of canopy surface orientation on diurnal sap flow. The experiment was carried out in a trellis systems trial on the Robertson research farm of the ARC in the Breede River Valley of the Western Cape province. This locality is at 30°50ʹ S latitude in a Class IV region for viticulture (Le Roux, 1974) . The seven-year-old Emerald Riesling grapevines were grafted onto 110 Richter and planted 3 m x 1.5 m in a sandy clay loam soil belonging to the Garies form (Soil Classification Work Group, 1991) . Sap flow was measured in two grapevines with comparable trunk diameters. One grapevine was trained onto a vertical five-strand hedge (Booysen et al., 1992) , and the other onto a 1.8 m slanting trellis (Avenant, 1990) . The grapevines were irrigated weekly by means of micro-sprinklers, but no irrigation was applied during the final stage of berry ripening, when measurements were carried out from 1995-02-08 until 1995-02-11.
Experiment 7
The purpose of this experiment was to quantify sap flow in a grapevine with a large vertically orientated canopy. Sap flow was measured in a seven-year-old Emerald Riesling grapevine that was grafted onto 110 Richter in the same trellis systems field trial in which Experiment 6 was carried out. The grapevine was trained onto a 4.2 m Tatura trellis (Van den Ende, 1994). The plant spacing was 4.2 m x 1.5 m.
Sap flow measurements were carried out during the postharvest period, from 1995-04-04 to 1995-04-08.
Measurements
The heat pulse velocity technique was used to measure sap flow in the grapevine trunks. Since sap flow velocities vary with radial depth (Escalona & Ribas-Carbó, 2010; PobleteEcheverría et al., 2012) , four sets of thermistor probes and heaters were installed in the xylem at different depths as described by Myburgh (1998) . Sap flow was recorded at 15-minute intervals using a heat pulse-generation, temperature-sensing and data-logging system (Micro Innovations, Pretoria). Mean hourly sap flow was calculated. Trunk cross-sectional area was measured as described by Myburgh and Coetzee (2004) at all positions where heaters were installed. Heat pulse propagation time (seconds) was converted to hourly sap flow (mL/grapevine/h) using trunk cross-sectional area and the empirical calibration curves determined earlier (Myburgh, 1998) . Hourly sap flow was summed from midnight to midnight and divided by 10 3 to obtain diurnal sap flow (L/grapevine/d). Upon completion of each experiment, all leaves were removed from the grapevine(s) in which sap flow had been measured. In Experiments 4 and 7, sap flow measurements continued for c. six hours after leaf removal. Total leaf area per grapevine was determined using an electronic leaf area meter (LI3100, Li-Cor, Nebraska). Daily transpiration per grapevine was calculated as follows:
where T is transpiration (mm/d), Q is sap flow (L/d) and A is area allocated per grapevine (m 2 ). Hourly weather data and ET o were obtained from the ARC Institute for Soil, Climate and Water (ISCW) in Pretoria. All sap flow experiments were carried out within 1 km from a weather station. Since weather data was incomplete when Experiments 1 and 6 were carried out, ET o could not be calculated. The K cb was calculated as follows:
Grapevine water status was only determined when Experiments 1 and 2 were carried out. Midday leaf water potential (Ψ L ) was measured in mature leaves fully exposed to the sun by means of the pressure chamber technique (Scholander et al., 1965) . To minimise possible effects of reduced leaf area on sap flow per grapevine, Ψ L was measured in only two leaves on primary shoots per grapevine.
Statistical analyses
Since the primary objective of the study was to obtain a range of diurnal sap flow values, it was not regarded as a comparative study. Therefore, there were no treatment replications. Linear and multiple linear regressions were calculated using STATGRAPHICS ® version XV (StatPoint Technologies, Warrenton, Virginia, USA).
RESULTS AND DISCUSSION
Factors affecting sap flow
Leaf area per grapevine Total leaf area per grapevine varied between 0.17 m 2 for the potted 99 Richter rootstock (Experiment 3) and 14.2 m 2 for the Emerald Riesling grapevine on the Tatura trellis system (Experiment 7). As expected, diurnal sap flow per grapevine was strongly affected by leaf area. Diurnal sap flow of the Barlinka grapevines in Experiment 2 clearly increased with increasing leaf area per grapevine (Fig. 1) . Mean midday Ψ L was -1.22 ± 0.14 MPa, which indicated that the grapevines experienced mild to moderate water constraints, i.e. between -1.2 and -1.4 MPa (Myburgh, 2011a and references therein) . Sap flow of the Pinot noir grapevine was also higher where deeper soil preparation induced higher leaf area per grapevine compared to the grapevine with a smaller leaf area in the shallower soil in Experiment 4 (Fig. 2) . It was previously reported that irrigated Pinot noir grapevines in the same vineyard experienced mild to moderate water constraints . The increasing diurnal sap flow per grapevine with increasing leaf area was in agreement with earlier findings (Schmid, 1997; Zhang et al., 2011) . Although the daytime fluctuations seem to have masked the effect of leaf area on sap flow in the Sultanina grapevines used in Experiment 1 (Fig. 3A) , cumulative sap flow clearly increased with increasing leaf area (Fig. 3B) . Since mean midday Ψ L was -0.97 ± 0.11 MPa, the grapevines experienced no water constraints, i.e. Ψ L was higher than -1 MPa (Myburgh, 2011a and references therein). Therefore, it was unlikely that soil water deficits could have induced partial stomatal closure early in the growing season. Furthermore, sap flow fluctuations occurred irrespective of shoot removal prior to the sap flow measurements, which indicates that canopy manipulation did not disturb physiological functioning. The foregoing suggests that the fluctuations during daytime were probably induced by temporary water deficits at the rootsoil interface (Myburgh & Howell, 2006) . Daytime sap flow fluctuations also occurred in Sultanina grapevines later in the growing season, when Experiment 5 was carried out (Fig. 4) . It was previously shown that irrigation applied at two-to three-week intervals induced strong water deficits, viz. Ψ L c. -1.6 MPa, in the same Sultanina vineyard during berry ripening (Myburgh, 2003a) . Therefore, soil water deficits could have contributed to the fluctuating sap flow via partial stomatal closure. Following total leaf removal during the day in Experiment 4, sap flow of the Pinot noir grapevine declined rapidly to almost zero (Fig. 2) . Sap flow in the Emerald Riesling grapevine on the Tatura trellis system responded similarly when leaves were removed (Fig. 5) . The rapid decline upon leaf removal confirmed the substantial contribution of transpiration to whole grapevine sap flow.
Night-time sap flow rates were substantially lower than daytime flow rates (Figs 1, 2, 4 & 5) . The observed low levels of night-time sap flow were in agreement with earlier findings Myburgh & Howell, 2006; Fuentes et al., 2009; McClymont et al., 2009; PobleteEcheverría et al., 2012) . The night-time sap flow seems to be related to grapevine trunk expansion in the night, when plant water status recovers, followed by contraction during the day, when transpiration exceeds water uptake (Myburgh, 1996; Escalona et al., 2002) . The replenishment of water deficits, which takes place during the day when transpiration exceeds water uptake from the soil, is considered to be the primary reason for sap flow during the night (Fernández et al., 2008; Fuentes et al., 2014) . Night-time sap flow tended to increase with increasing leaf area per grapevine (Figs. 1, 2 & 4) . This indicates that increasing canopy size increased the volume of water required to replenish daytime deficits. Furthermore, it was previously shown that water potential gradients in grapevines cause water flow from the bunches to the leaves during day time, and from the soil to the bunches at night (Van Zyl, 1987) . Therefore, the replenishment of bunch water status could also have contributed to nocturnal sap flow. The latter probably explains why almost no nocturnal sap flow occurred in the Emerald Riesling on the large Tatura trellis in the post-harvest period in Experiment 7 (Fig. 5) . However, the foregoing does not rule out the possibility that limited transpiration (Escalona et al., 2013; Rogiers & Clarke, 2013) contributed to nocturnal sap flow.
Canopy orientation
The perusal of the sap flow data of the Emerald Riesling
FIGURE 2
Effect of leaf area per grapevine, as induced by soil preparation depth, on sap flow rate in two Pinot noir grapevines on a lengthened Perold trellis as measured near Stellenbosch during phase three of berry development from 1994-12-30 to 1995-01-08.
grapevine on the vertical trellis revealed that only two of the four thermistor probes functioned properly when Experiment 6 was being carried out (data not shown). The malfunctioning probes were the shallowest ones, i.e. in the youngest xylem, where sap flow is usually higher than closer to the pith (Myburgh, 1998; Poblete-Echeverría et al., 2012) . Since these measurements would over-estimate the sap flow, the data of the grapevine on the vertical trellis were discarded for the purpose of the study. Consequently, the effect of canopy system orientation could not be determined in the same scion cultivar/rootstock combination under the same conditions. However, sap flow measured in grapevines with horizontally orientated canopies was generally higher than in grapevines with vertically orientated canopies with comparable leaf area (Fig. 6) . Although the canopies of grapevines on the Tatura trellis formed a 60° angle with the soil surface, diurnal sap flow of the grapevine measured in Experiment 7 was in line with that of other grapevines having smaller leaf areas on vertical trellises (Fig. 6 ).
It must be noted that sap flow is regarded as the integrated transpiration of all the leaves in the canopy. The fact that the physiological functioning of leaves that are fully exposed to the sun differs from shaded leaves is well documented. Transpiration rate is lower, and water potential is higher, for shaded leaves compared to fully exposed leaves (Williams, 2012) . The rate of photosynthesis, particularly of the inner leaves of the canopy, is also lower compared to that of fully exposed leaves (Escalona et al., 2003) . The transpiration differences between shaded and fully exposed leaves will become more pronounced as canopy density increases. Determining the fractional contribution of shaded leaves to sap flow was beyond the scope of the study. However, visual observations revealed that the canopies of grapevines used in the study were not excessively dense. Theoretically, a larger fraction of the outer leaf layer of grapevines with horizontal canopies will be exposed to direct sunlight over the course of the day compared to grapevines on vertical trellises. Therefore, less leaf area could transpire due to the limited exposure of the vertical canopies, which caused lower sap flow rates compared to grapevines with horizontal canopies (Fig. 6) . 
Atmospheric conditions
Since stomatal opening and the transpiration rate of grapevines are controlled by light (Düring, 1976; Rogiers & Clarke, 2013) , sap flow will generally follow diurnal global radiation patterns. Although global radiation followed its normal course on a sunshine day, sap flow in the Barlinka grapevines did not respond concomitantly (Fig. 7) . Daytime sap flow appeared to remain constant when global radiation exceeded c. 2 MJ/m 2 /h, irrespective of leaf area per grapevine. A similar trend occurred in the case of the Pinot noir grapevines on the vertical trellis in Experiment 4 (Fig. 8) . Sap flow in the potted Tempranillo grapevines also showed little increase over the warmest part of the day (Escalona et al., 2002) . In fact, sap flow in Weisser Riesling grapevines declined slightly over the warmest part of the day, following a maximum that occurred around 09:00 (Lopes et al., 2004) . Previous studies have shown that the transpiration of wellwatered plants, including grapevines, responds non-linearly to radiation (Winkel & Rambal, 1990 and references therein; Rogiers & Clarke, 2013) . Therefore, it seems that stomatal aperture remained almost constant over the warmest part of the day, which allowed only a certain rate of water loss via transpiration. This trend indicated that, at high levels of soil water availability, i.e. high soil water matric potentials, sap flow rates will not necessarily increase concomitantly. When clouds and light rain prevailed for a short period while Experiment 2 was being carried out, reduced sap flow indicated that partial stomatal closure occurred in the three Barlinka grapevines on the slanting trellis (Fig. 1) . The reduction in sap flow caused by adverse atmospheric conditions was in agreement with previous findings (Calo et al., 1999; Escalona et al., 2002) .
In contrast to the Barlinka and Merlot grapevines, sap flow in the Sultanina grapevines tended to fluctuate during the day. The sap flow fluctuations in the Sultanina grapevines occurred when global radiation exceeded c. 2 MJ/m 2 /h (Fig. 9) . Since global radiation was uninterrupted on the day when the measurements were carried out, the sap flow fluctuations could not have been caused by deviations in atmospheric conditions over the course of the day. This suggests that water deficits in the grapevines induced partial stomatal closure when transpiration losses exceeded water uptake under the conditions of high evaporative demand in the Lower Orange River region (Table 2 ). However, in the Hex River valley, where the evaporative demand is lower, daytime sap flow fluctuations also occurred in Sunred Seedless grapevines (Myburgh & Howell, 2006) . In the latter case it was concluded that slow water flow to the roots through the sandy soil induced temporary water deficits during the day, and that this caused the fluctuations in sap flow. Therefore, either high evaporative demand, or high levels of soil water depletion, could be the primary cause of daytime sap flow fluctuations. According to Loveys and Düring (1984) , abscisic acid accumulation in leaves could also induce midday stomatal closure under semiarid conditions, whereas atmospheric variables such as temperature and vapour pressure deficit are more likely to affect stomatal behaviour later in the day.
Diurnal sap flow per grapevine increased linearly with daily ET o under the conditions of the study (Fig. 10) . Linear relationships were also reported between daily sap flow and American Class-A pan reference evaporation , as well as ET o (McClymont et al., 2009) . These results clearly indicate that diurnal sap flow was affected by day-to-day changes in evaporative demand, irrespective of leaf area or canopy orientation.
FIGURE 6
Effect of canopy surface orientation on the correlation between diurnal sap flow and leaf area per grapevine. Vertical groups indicate variation in diurnal sap flow in a specific grapevine due to variation in evaporative demand. 
Basal crop coefficients
The K cb values increased with increasing leaf area (Fig. 11) . As expected, K cb for horizontally orientated canopies was higher compared to that of vertically orientated ones, for reasons as discussed above. The K cb values were substantially lower compared to the values proposed for well-watered, non-stressed grapevines (Allen et al., 1998) . Since the grapevines were not irrigated while sap flow measurements were being carried out, limited water constraints could have reduced stomatal aperture. This was probably the reason why daily sap flow was generally lower compared to the values reported for well-watered, non-stressed grapevines (McClymont et al., 2009; Poblete-Echeverría et al., 2012; Pearsall et al., 2014) . Therefore, slower water uptake could have reduced transpiration, causing the low K cb values. It was previously reported that K c for non-irrigated vineyards can be as low as 0.2 (Oliver & Sene, 1992) . The K c values for nonirrigated grapevines near Stellenbosch were even less than 0.2 during berry ripening (Laker, 2004) . Midday Ψ L in these grapevines was higher than -1.4 MPa (Laker, 2004) , which indicated that they experienced moderate water constraints (Myburgh, 2011a and references therein) . Since the daily E s from vineyard soils becomes minimal two to three weeks after rainfall or irrigation (Myburgh, 2015) , it can be assumed that the magnitude of K c is primarily determined by transpiration under rain-fed conditions. Under such conditions, K cb could be almost equal to K c without detrimental effects on grapevine physiological functioning. Since high evaporation losses occur if irrigation is applied frequently (Myburgh, 2015) , K e may exceed K cb in the dual-crop coefficient approach. Growing wellwatered, non-stressed grapevines in which the K cb values recommended by Allen et al. (1998) would apply is not always a sustainable option in South Africa. In addition to low rainfall in the grape-growing regions, irrigation water resources are limited in many cases. Therefore, commercial vineyards experience moderate to strong water constraints that will result in low K cb values. Furthermore, it was shown that table grapes require moderate water constraints in order to improve quality, particularly berry colour, under South African conditions (Myburgh, 1996; Myburgh & Howell, 2007b; Howell et al., 2013) . Likewise, grapes grown for the production of red wine should experience at least moderate water constraints to improve wine quality (Lategan, 2011; Myburgh, 2011b) . The foregoing suggests that K cb could be lower than 0.2 for vineyards experiencing water deficits. However, higher K cb values will be applicable to the dried and table grape vineyards in the sandy and weathered granitegneiss soils of the Lower Orange River region (Myburgh, 2003b; Myburgh, 2012) .
FIGURE 11
Effect of canopy surface orientation on the correlation between basal crop coefficient (K cb ) and leaf area per grapevine.
Estimating diurnal transpiration
The close relationship between diurnal sap flow and leaf area per grapevine, as well as the sharp reduction in sap flow immediately after leaf removal, shows that sap flow is predominantly a function of whole-plant transpiration. The close relationship between sap flow and leaf area per grapevine is in agreement with earlier findings (Zhang et al., 2011) . Therefore, transpiration could be assumed to be equal to sap flow for the modelling objective of the study. The results of the different experiments showed that the magnitude of daily sap flow was primarily determined by leaf area per grapevine, canopy surface orientation and atmospheric conditions as quantified by means of ET o . Consequently, variation in daily sap flow could to a large extent be explained if these variables were used in the following multiple linear regression model:
where T is daily grapevine transpiration (L/grapevine/d), m 1 is the coefficient of leaf area per grapevine (LA) in m 2 , m 2 is the coefficient of reference evapotranspiration (ET o ) in mm/d and c is a constant. The coefficients and constants for the horizontal and vertical canopy models respectively are presented in Table 3 .
Since most of the grapevines used to develop the models were irrigated during the growing season, it must be assumed that low to moderate water constraints occurred. Therefore, the application of the models would be limited to conditions where water constraints would not have any negative effects on grapevine physiological functioning. However, this might not be a serious shortcoming in irrigated vineyards, since the purpose of irrigation is to avoid excessive water constraints. Where grapevines are grown on dry land, i.e. rain-fed, excessive water deficits are more likely to reduce transpiration and, consequently, to reduce model accuracy. Modelling the transpiration of severely stressed, non-irrigated grapevines was beyond the scope of the study. The transpiration models for vineyards with horizontal and vertically orientated canopies respectively were not validated against independent whole-plant sap flow measurements. Instead, the transpiration models were combined with a soil evaporation model for the estimation of ET c for irrigation scheduling. When the ET c model was validated against eight independent datasets where ET c was measured in-field, close agreement was obtained between actual and estimated ET c (Myburgh, 1998) . This confirmed that the grapevine transpiration models were reasonably accurate under different atmospheric, soil and viticultural conditions.
CONCLUSIONS
Assuming that transpiration almost equalled sap flow, whole-grapevine transpiration was closely related to total leaf area per grapevine. However, due to differences in exposure to radiation, and therefore light interception, grapevines with horizontal canopies transpired more than those with vertical canopies. Furthermore, there was a linear relationship between whole-grapevine transpiration and evaporative demand. Based on the foregoing relationships, a simple model was established for estimating wholeplant transpiration by means of multiple linear regression. Although this model should be considered as a first approach, it can be recommended for use in combination with evaporation models for estimating the ET c of vineyards that are not subjected to severe water deficits. However, research must be continued to improve model accuracy with respect to possible effects of cultivar differences, foliage management, transpiration efficiency of ageing leaves, row direction and level of soil water depletion. The latter aspect is of particular importance where irrigation must be managed to achieve specific grape and wine quality objectives. 
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